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In 1903 Johannsen announced that continued selection 
of the extreme values of certain quantitative characters 
in successive self-fertilized generations of a number of 
strains of beans had produced no changes in the mean 
values of the characters. He concluded that these par- 
ticular strains were homozygous for the gametic factors 
whose interaction resulted in the characters investigated, 
that these homozygous characters may be properly de- 
scribed by one or more gametic factors nonvariable in 
transmissible qualities and properties, and that the varia- 
tions observed in the characters of any single fraternity 
were due entirely to the action of environmental condi- 
tions during ontogeny and were not inherited. Funda- 
mentally, these conclusions were a recognition of the gen- 
eral value of Mendelian description for all forms of in- 
heritance through sexual reproduction, combined with an 

1 These investigations were conducted with funds furnished by the Con- 
necticut Agricultural Experiment Station from their Adams’ appropria- 
tions, by the Bureau of Plant Industry of the United States Department of 
Agriculture, and by the Bussey Institution of Harvard University, and the 


writers desire to take this opportunity of expressing their sincere appre- 
ciation of this hearty cooperation which made the work possible. 
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admission of disbelief in the inheritance of ordinary 
adaptive changes. The latter conception was Weismann- 
ian in that all inherited variations were held to be changes 
in the germ cells. It was not necessary to suppose it im- 
possible for the environment to produce such changes and 
therefore to have been of no value during the course of 
evolution, but merely to suppose that during the compara- 
tively short period of experimental investigations no gam- 
etic variations have occurred traceable to such a cause. 
For his first conclusion to be justified, it was assumed that 
the changes which every biologist knows do follow the 
continuous selection of extremes under certain conditions 
are to be interpreted entirely by the segregation and re- 
combination of hypothetical gametic factors which are 
constant in their reactions under identical conditions. 

Numerous investigators working on ‘‘pure lines’’ with 
different material corroborated Johannsen’s conclusions, 
and, as it was seen to be possible to interpret in the same 
manner changes made by selection in experiments where 
self-fertilized lines were not used, such as those of the 
Vilmorins and others on sugar beets and those of the 
Illinois Agricultural Experiment Station on maize, many 
biologists accepted them and considered them a great ad- 
vance over former conceptions of the mechanism of 
heredity. On the other hand, there were those who main- 
tained a skeptical attitude, the chief criticism directed 
against the conception being that all progress due to 
selection must have a limit, which in many of these ex- 
periments had already been reached, and that even if re- 
sults were being obtained action might be too slow to be 
detected. 


Tue 


These criticisms were reasonable when applied to cer- 
tain specific cases, and in 1908 the experiments reported 
in this paper were designed with the hope of testing their 
validity, using the species ordinarily grown for commer- 
cial tobacco, Nicotiana tabacum, as the material. This 
plant satisfies the conditions which are requisite for 
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material used in pure line studies. It has characters that 
can be estimated readily and accurately and which are 
affected only slightly by external conditions. It is easily 
grown, is naturally self-fertilized, reproduces prolifically, 
and is known in many markedly different varieties. In 
fact, it is an ideal subject for work of this kind. 

The investigations were not patterned after the stand- 
ard type set by Johannsen wherein the constancy of suc- 
cessive generations of pure lines grown from selected 
extremes were tested, since even if it were possible to 
gather a quantity of data at all comparable to that col- 
lected by Johannsen (:09) and Jennings (:08) in their 
brilliant investigations, the criticisms mentioned above 
might still be made. The plan chosen was that of cross- 
ing two varieties of tobacco which differed in a character 
complex easily and precisely determined, and of selecting 
extremes from a number of families of the F, generation. 
If Johannsen’s views be incorrect, such continued selec- 
tion should affect each family in the same degree. If his 
conclusions be justified, selection should reach an end- 
point in different generations in different families, and 
there should be no relation between the number of genera- 
tions required to reach this end-point and the progress 
that is possible. 

There should be no need of a historical summary of the 
previous investigations that have been interpreted as cor- 
roborating or refuting Johannsen’s conclusions. Such 
summaries have been made in other papers. It should be 
mentioned, however, that the classical researches of Pearl 
(:11) on the inheritance of fecundity in the domestic 
fowl have been so planned and executed that certain of 
the criticisms directed against Johannsen mentioned above 
are not justified, yet Pearl finds himself thoroughly in 
accord with the Danish physiologist’s position. 

Several hundred varieties of Nicotiana tabacum exist 
which differ from each other by definite botanical char- 
acters, yet only two general characters suitable for our 
purpose were found. We desired to confine our observa- 
tions to quantitative characters that were influenced but 
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little by environment, and number of leaves and size of 
corolla were the only ones that satisfied this requirement. 
Such character differences as height of plant and size of 
leaf, while undoubtedly transmissible, are influenced so 
strongly in their development by nutrition that work with 
them is exceedingly difficult. For example, if a certain 
variety of Nicotiana tabacum is grown under the best of 
field conditions, the longest leaves are about 28 inches and 
the total height about 6 feet, but a portion.of the same 
seed fraternity may be grown to maturity in 4-inch pots 
without reaching a height of over 16 inches or having 
leaves longer than 4 inches. On the other hand, several 
experiments conducted in the same manner have shown 
no difference between the frequency curves of variation 
in number of leaves or of size of corolla, whether starved 
in small pots or grown under optimum conditions. The 
character complex number of leaves was chosen for this 
investigation rather than the size of corolla because vari- 
eties that differ greatly in number of leaves are common. 


TABLE I 
FREQUENCY DISTRIBUTION OF NUMBER OF LEAVES PER PLANT WHEN 
STARVED IN SMALL Pots 


(Compare with frequency distribution under normal field conditions at 
Forest Hills, Massachusetts, in Tables VII and XI) 


No. of Leaves per Plant 

22 | 23 | 24 | 25 | 26 | 27 28 | 29 | 30 | 31 s2 | 33 | 34 35 | 36 | 37 
(6-1)-1 1/6} 8/15/1612] 
(6-2) 1} 8| 8] 3] 3]...|...|... 
(6-2)-2 1] 0} 2; 3/12|/17|16/8 0/1 


Previous Work oF THE ‘‘Havana’’ < Cross 


Several crosses have been made between varieties of 
tobacco that had a mean difference of seven or eight 
leaves, but the majority of the data reported here were 
collected from the descendants of a cross made by A. D. 
Shamel between the types known in Connecticut as 
‘‘Havana”’ and ‘‘Sumatra.’’ The ‘‘Havana”’ parent was 
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from a variety that had been grown for a number of years 
at Granby, Connecticut. It averages about 20 leaves per 
plant although ranging from 16 to 25 leaves. The aver- 
age height is about 1.4 m. and the average leaf area about 
7 sq. dm. The ‘‘Sumatra’’ parent was a type specimen 
of a variety that had been introduced into Connecticut to 
be grown under cloth shade. It averages between 26 and 
27 leaves per plant with a range of from 21 to 32 leaves. 
The average height is nearly 2.0 m., but the average leaf 
area is only about 3 sq. dm. 

According to Shamel, the first hybrid generation of 
this cross developed somewhat more vigorously than the 
parent types and was uniform in its habit of growth. 
The second generation, he thought, was hardly more vari- 
able than the first. Several F, families, the progeny of 
inbred F’, individuals, were grown in 1906 and proved to 
be a variable lot. One of these plants produced 26 small, 
round-pointed leaves with short internodes between them. 
This plant was thought by Mr. E. Halladay, upon whose 
farm the experiment was conducted, and Mr. J. B. Stewart, 
of the U. S. Department of Agriculture, to be worth sav- 
ing from its promise of producing a desirable commercial 
type. 

In 1907 the Department of Agriculture made an agree- 
ment with Mr. Halladay to grow two acres of tobacco for 
experimental purposes, and on his own initiative Mr. 
Halladay grew a number of plants from inbred seed of 
the one that bore 26 leaves. This selection, numbered 2 
h-29 in accordance with the department nomenclature, 
was comparatively uniform in appearance and several 
plants were selfed. In Mr. Halladay’s absence, how- 
ever, all of the plants were ‘‘topped,’’ except one that 
happened to be rather late. This plant was selfed. It 
had 26 medium-sized, round leaves and grew to about the 
same height as the Connecticut Havana. 

In view of Mr. Halladay’s high opinion of the type, the 
seed of this plant and the remaining seed of its parent 
were planted in 1908. The plants of this generation pre- 
sented a uniform appearance and promised a high grade 


10 THE AMERICAN NATURALIST  [Vou. XLVIII 


of wrapper tobacco, but the crop when cured lacked uni- 
formity. Some leaves of exceptionally high quality were 
produced, but the crop in general lacked that characteris- 
tic known as ‘‘grain’’ and had too large a proportion of 
heavy leaves—the so-called ‘‘tops.’’ 

From this 1908 generation 100 seed plants were selfed, 
their leaves harvested, cured and fermented separately, 
and data on quality recorded. The type was also grown 
commercially on a large scale. The commercial results, 
however, have been reported in another paper. Weare to 
consider only the results of the selection experiment that 
began in 1908, through the cooperation between the U. S. 
Department of Agriculture and the Connecticut Agricul- 
tural Experiment Station, a joining of forces that in 1909 
included the Bussey Institution of Harvard University. 
Shame! ( :07) considered the strain produced by this cross 
to be the result of a mutation. From a study of the 
data from the previous work on the cross it seemed to the 
writers that a different interpretation of the results might 
be made. While it was not impossible that the many- 
leaved type that had been isolated was the result of a 
mutation, it appeared much more probable that it had 
arisen through a recombination of Mendelian factors. 
The type had the habit of growth and size of leaf of the 
pure ‘‘Havana’’ variety and the number of leaves of the 
‘‘Sumatra’”’ variety, a combination that might reason- 
ably be expected to be the result of the Mendelian law. 


RESULTS ON THE RecrprocaL Cross, ‘‘SuMATRA’’ 
§*Havana’’ 


To test the hypothesis that the new tobacco was the 
result of such recombination and could be reproduced 
whenever desired, the reciprocal of the original cross was 
made in 1910. The female parent, ‘‘Sumatra,’’ was the 
direct descendant of a sister of the plant used as the 
male parent of the original cross by Shamel in 1903 
through seven generations of selfed plants. The male 
parent, ‘‘Havana,’’ was from the commercial field of the 
Windsor Tobacco Growers’ Corporation at Bloomfield, 
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Connecticut. It was a descendant in a collateral line of 
the plant used by Shamel in 1903 as the female parent in 
his cross. 

Table IT, giving the frequency distribution for the num- 
ber of leaves of the two parents and the first and the 
second hybrid generations, is a complete justifigation of 
our prediction as to how the hybrid type produced by 
Shamel originated. The ‘‘Sumatra’’ and the F, genera- 
tion were grown at New Haven, Connecticut, in 1911, the 
‘‘Havana’’ was grown at Bloomfield, Connecticut, in 1911 
from commercial seed of the same variety as the plant 
used for the male parent, while the F, generation was 
grown at New Haven, Connecticut, in 1912. The F, gen- 
eration, producing an average of 23.3+ .14 leaves per 
plant, is intermediate in leaf number, since the ‘‘ Havana”’ 
variety shows an average leaf number per plant of 19.8 
+ ,08 and the ‘‘Sumatra’”’ variety 26.5+.11. The varia- 
tion as determined by the coefficient of variability is some- 
what less for the F, than for either parent. The value 
for the ‘‘Sumatra’’ variety is 6.64 per cent.+ .28 per 
cent., for the ‘‘Havana’’ variety 6.98 per cent. + .27 per 
cent. and for the F, generation 6.24 per cent. + .41 per 
cent. Taking into consideration the probable error in 
each case, one may say that the variability of the three 
populations is almost the same. 

The variability of the F, generation, however, is greatly 
increased. This is shown by the high coefficient of vari- 
ability, 10.29 + .23 per cent., although a glance at the fre- 
quency distribution with its range of from 18 to 31 leaves 
brings home the point without recourse to biometrical 
calculation. 

The appearance of the plants in the field corroborated 
the data of Table II in other characters. The F, genera- 
tion was intermediate in the various leaf characters, such 
as shape, size and texture, that distinguish ‘‘Sumatra’’ 
from ‘‘ Havana’’ tobacco, and in these characters it seemed 
as uniform as either of the parental varieties. On the other 
hand, the F, generation was extremely variable. Some 
plants could not be distinguished from the pure ‘‘Suma- 
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tra,’’ others resembled ‘‘ Havana,’’ although of course the 
majority were intermediate in various degrees. Several 
plants combined the leaf size and habit of growth of the 
‘‘Havana’’ parent with the leaf number of the ‘‘Suma- 
tra’’ parent. In other words, plants were produced in 
the F, generation by the recombination of Mendelian fac- 
tors that exactly repeated the type which Shamel had ob- 
tained in the F', generation of the reciprocal cross made 
in 1903 and which he thought was due to a mutation. 
This fulfilled adequately the prediction made by us in 
1908. 


ReEsvuuts oF SELECTING FoR High NuMBER AND Low Num- 
BER OF LEAVES IN THE ‘‘Havana’’ X< ‘‘SUMATRA’’ 
Cross 


In describing the reproduction of Shamel’s hybrid with 
numerous large leaves by a reciprocal cross, there has 
been a chronological inversion. This was done simply to 
show that the original hybrid known commercially as 
‘‘The Halladay’’ was actually a recombination of Men- 
delian factors in which the ‘‘Havana’’ and the ‘‘Suma- 
tra’’ varieties differed. We will now describe the effects 
of selection on the original ‘‘ Halladay hybrid.’’ 

It will be recalled that the selection experiment which 
is the principal subject of this paper began with the self- 
ing of 100 seed plants of Shamel’s Halladay hybrid in 
1908. These plants were the F, and F, generations of the 
cross ‘‘Havana’’ < ‘‘Sumatra.’’ Plants numbered from 
1 to 49 were the F,, generation; those numbered from 50 
to 100 were the F'; generation. They were apparently 
breeding true for the short habit of growth and large- 
sized leaf of the ‘‘Havana’’ parent and the goodly num- 
ber of leaves of the ‘‘Sumatra’”’ parent. The casual ob- 
server either would have said with Shamel that here was 
a mutation breeding as true as any tobacco variety, or 
that a fixed hybrid, a hybrid homozygous in all of its 
gametic factors, had been produced. Accurate data 
taken on the progeny of those of the F, and F, seed plants 
which it was possible for us to grow in our limited space, 
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however, show that such judgments would have been 
superficial. The general type of the plant did appear to 
be fixed, but the frequency distribution for number of 
leaves of the F,, and F, populations were not the same. 
Strictly speaking, they were not fixed. What would be 
the result of selecting (and selfing) extremes from these 
different families for a number of years? A tentative 
answer to this question is to be obtained by examining 
the remainder of our tables. 

The tables are arranged roughly in the order of the 
effect that selection has had in changing the mean of the 
various families that were the starting points of this part 
of the experiment. The selections were grown near Bloom- 
field, Connecticut, on the light sandy loam of that region, 
soil typical of that which produces the famous Connecti- 
eut River Valley wrapper tobacco. Duplicate experi- 
ments with several of the original families were made at 
New Haven, Connecticut, however, on an impoverished 
soil not fitted to grow a good quality of tobacco even after 
supplying large quantities of tobacco fertilizer, and in 
the condition used not fitted to grow good crops of any 
kind. Two families were also grown in triplicate, the 
third selections being planted at Forest Hills, Massachu- 
setts, on a very fine type of rich garden land which brought 
out maximum luxuriance of growth, but which did not 
produce good tobacco quality. These experiments were 
not true repetitions of the experiments at Bloomfield, 
Connecticut, since aliquot portions of the seed from the 
selfed plant grown there were not sent to the other places 
to be grown. But they were duplicates in that each 
family came from the same F, or F; mother plant, 
although, beginning with the F; or F, population, differ- 
ent selfed seed plants furnished the starting point of selec- 
tions carried on independently. In this way there were 
afforded a greater number of chances to see what selec- 
tion could do. 

Table III shows the results obtained from family No. 
77. This family arose from an F, plant having 23 leaves, 
one below the modal leaf number if we may judge from 
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the F,, generation of the reciprocal cross where the mode 
was at 24 to 25 leaves. The F, fraternity that it pro- 
duced was somewhat smaller than one would wish if 
he were to be confident of the calculations made. The 
mode is 22 leaves and the mean nearly the same, 22.4 
+.1l leaves. From among these plants, a minus variant 
having 20 leaves and a plus variant having 27 leaves were 
selected to produce the F', generation. The modes in this 
generation are 21 and 25 leaves, respectively, a difference 
of 4 leaves; and the means are 21.9+ .08 and 24.9 + .11 
leaves, respectively, a difference of 3 leaves. Progress in 
both directions continued when a 20-leaved plant was 
selected to carry on the minus strain, and a 30-leaved 
plant was selected to carry on the plus strain. The modal 
classes of the F, generation are 21 leaves in the minus 
selection and 26 leaves in the plus selection, while the 
means are 21.3+ .05 leaves and 26.6+ .07 leaves, respect- 
ively. in the F, generation the plus selection was lost, 
but the minus selection grown from a 20-leaved plant had 
the mode dropped to 18 leaves and the mean to 18.4 + .08 
leaves. In order not to lose the plus selection entirely, 
however, more of the F, generation seed was grown in 
1912. The mode is the same as in 1911, but the mean 
dropped slightly to 25.8 + .08 leaves. 

Here one notices what is very common throughout the 
experiment ; the extremes selected for mother plants were 
not members of the most extreme classes. This means 
simply that vigorous healthy specimens were always 
selected as the mother plants, and often the most extreme 
variants did not come up to the standard. It is hardly 
just to criticize this procedure, however, for with the best 
care that it was possible to give, the experiments with 
several families were terminated on account of non- 
germination of seed or for some similar reason, it being 
impossible, on account of the pressure of other work, to 
self many plants in each selection. Even where seed 
from several mother plants was collected, it did not in- 
sure the continuation of that selection. The necessary 
space and care involved in growing so many seedlings in 
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isolated seed pans filled with sterilized soil made it im- 
possible to start more than two sets of plants for each 
plus and each minus selection. Generally both sets grew 
perfectly, but occasionally both failed, and in that case it 
was usually too late in the season to start a third set even 
if it were available. 

The second part of Table III shows the results obtained 
on the poor soil of New Haven, Connecticut, with the same 
family. There was continuous progress in both direc- 
tions. The minus selections during the three generations 
show a constant reduction of mode, the figures being 23, 
22 and 21; the plus selections show an even greater in- 
crease in mode, the figures being 25, 27 and 28. The same 
decrease and increase occur in the means until in the F, 
generation there is a difference of nearly 9 leaves, the cal- 
culated means being 20.9+.08 leaves and 29.7+.14 leaves, 
respectively. 

Figs. 1 and 2 show typical plants of the plus and minus 
strains of this family as developed by 3 years of selection. 
Fig. 3 illustrates an interesting change of phyllotaxy in 
some plants of (77-2)—1-1 as grown at New Haven in 1912. 

Passing to the data on Family No. 76 (Table IV) there 
is the same evidence of the effectiveness of selection, ex- 
cluding the minus strain in 1910, of which only 31 plants 
were healthy. This effect is markedly less than with the 
other family. The mode of the minus selection remained 
at 24 leaves and the mean was reduced only from 24.1 
+.11 leaves to 23.9+.05 leaves,—hardly a significant 
figure. The mode of the plus selection crept up to 26-27 
and the mean to 26.9 + .07 leaves, there being here one 
more generation than in the case of the minus strain. 

Table V gives the data on plus and minus selections of 
Family No. 19 at Bloomfield for two generations. The 
original family stock of the F,, generation has the mode at 
27 leaves and the mean at about 26 leaves. A 24-leaved 
plant of this generation became the parent of the minus 
strain, giving in the F, generation a population with the 
same mode and a slightly higher mean (26.9 + .08 leaves). 
Continuation of the strain through a 24-leaved plant gave 
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an IF’, population with the mode one class lower and the 
mean at 25.8 + .09 leaves. Whether this slight reduction 


really means anything we are unable to say. 


it yields at all to selection, 
the progress is very slow. 
On the other hand, a con- 
siderable gain has been 
made in the plus selec- 
tions. The mode rose im- 
mediately to 29 leaves 
when the progeny of a 29- 
leaved plant were grown, 
and went up to 30 leaves 
the next generation, the 
modal condition being the 
same as the number of 
leaves of the parent plant. 
The means are 26.3 + -10 
leaves, 28.7+.10 leaves 
and 29.2 + .08 leaves, the 
amount of progress being 
—as may be seen—2.4 
leaves and 0.5 leaf in the 
two successive genera- 
tions. This result appar- 
ently indicates a slowing 
down of the effect of selec- 
tion. 

The continuation of the 
table gives the results ob- 
tained at New Haven on 
this same family. Here 
there are data from three 
generations, and _ these 
data modify the conclu- 
sions based on the results 


At least, if 


Fig. 1. 
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obtained at Bloomfield. Both plus and minus strains 
nearly parallel the Bloomfield results for two generations, 
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the F’, generation means being 28.3 + .11 leaves and 25.1 
+ .15 leaves, respectively, but in the F, generations they 
differ. Selecting minus extremes for the first two genera- 


Fic, 2. PLANT OF HALLADAY HAVANA ToBaAcco (77-1)-1-1, WHICH AVERAGES 
IT IS THE RESULT OF THREE YEARS OF SELECTION FOR 


20.9 LEAVES PPR PLANT. 
Low Lear NUMBER IN FAMILY 77. NEW HAVEN, 1912. 


tions reduced the mean of that line from 26.3 + .10 leaves 
to 25.1 + .15 leaves, but the third selected generation (F,) 
had a higher mean than the original family (27.3 + .08 
leaves). The parent plant of this F, generation produced 
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24 leaves, and as the strain indicated that it was hetero- 
zygous for a number of factors by showing a coefficient of 
variability of 8.29 +:42 per cent-, it is possible that the 
selected parent plant may have belonged gametically to a 
higher class than was indicated somatically ; nevertheless, 
it can not be denied that three generations of selected 
minus extremes have produced no results. This conclu- 
sion is not valid for the plus strain. Starting with 26.3 + 
.10 as the mean number of leaves (F';), the succeeding gen- 
erations had means of 27.1 + .07 leaves, 28.3 + .11 leaves 
and 30.0 + .11 leaves. The differences are 0.8, 1-2 and 1.7 
_ leaves, respectively. Progressive change has certainly fol- 


Fic. 3. CHANGE OF PHYLLOTAXY IN SOME PLANTS OF (77-2)-1-1 Grown IN New 
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lowed, and unless one considers that the results of 1912 are 
somewhat too high (probably a valid assumption), the 
change has increased instead of decreased. Naturally 
there must be a decreased momentum in change of mean 
time, but this decrease is not yet shown by the figures. 


Fic. 4. PLANT OF HALLADAY HaA- Fig. 5. PLANT OF HALLADAY HaA- 
vANA Tospacco (19-2)-1-2, wHIcH Av- vANA ToBAcco (19-1)-1-1, WHICH Av- 
ERAGES 30 LEAVES PER PLANT. It §RAGES 27.3 LEAVES PER PLANT. 
IS THE ReSuLT OF THREE YEARS OF SH- YEARS OF SELECTION FOR Low Lgar 
LECTION FOR HIGH LEAF NUMBER IN NUMBER HAVE PROVED UNSUCCESSFUL. 
FAMILY 19, WHICH IN 1909 AVERAGED NEW HAVEN, 1912. 

26.3 LEAVES PER PLANT. NEw HAVEN, 
1912. 
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Representative plants of the plus and minus strains of 
family 19 as obtained by three years of selection at New 
Haven are shown in Figs. 4 and 5. 

Family No. 5 (Table VI) shows a decrease in mode 
from 28 to 26 leaves, and a similar decrease in mean from 
28.1 + .06 leaves to 26.6 + .09 leaves as a result of the first 
minus selection. A second minus selection, however, in- 
dicates either that the future progress is to be very slow 
or that the entire effect of selection was manifested in the 
first selected generation. 

With the three parts of Table VII we take up the re- 
sults on Family No. 6 at all three stations. The minus 
strain was carried on only two generations at Bloomfield, 
but with this exception there are data upon three genera- 
tions. At Bloomfield the two generations of selected 
minus extremes resulted in 0.6 leaf decrease in the mean, 
but at New Haven the results were negative, the means 
advancing from 25.8 + .06 leaves to 27.9+ .12 leaves in 
three generations, while at Forest Hill the mean remained 
practically the same. Surely selection was unprofitable 
here. 

The first year of selection from the other end of the 
curve, however, resulted in marked progress. The mean 
advanced nearly 5 leaves in each case. The original F; 
mean is 25.8 + .06 leaves, but the three F, means are 30.7 
+ .09, 29.6 + .08 and 30.8+.12 leaves. This is a remark- 
able concurrence of results. The means in the two suc- 
ceeding generations were about the same in the Bloomfield 
and New Haven experiments, but there was another defi- 
nite advance at Forest Hills. Such a result should not 
be unexpected. If the F, generation were almost but not 
quite a homozygous lot, and if one assumes that selection 
of extremes from homozygous population has no effect 
in shifting the mean, it would frequently happen that 
some individuals selected to continue the line would be 
homozygous in all factors and some heterozygous in one 
or more factors. 

The cause of the peculiar distribution of the population 
(high variability) of the F, generation grown in Bloom- 
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field is not clear. It is possible that the plants having 
from 18 to 23 leaves were diseased, but no such condition 
could be recognized in the field. Again, it is possible 
that a few Havana plants were mixed in by mistake, 
although as the leaves of the selection are characteris- 
tically different from Havana and as the plants with low 
leaf numbers resembled the remainder of the row, this 
supposition is improbable. The most likely explanation 
is that mutation occurred in a few gametes of the mother 
plant, a condition that did arise, or that we assume to 
have arisen, in Family 41 (see Table X). At any rate, 
the change did not follow the path of selection. 

In Figs. 6 and 7 are shown typical plants of Family No. 
6 obtained by three years of selection in the effort to pro- 
duce strains of high and low leaf number, respectively. 

Family No. 34 (Table VIII) is peculiar—although this 
is not the only time the phenomenon occurred—in that 
the F,, population grown from a 24-leaved F, plant seems 
not to have given the true mean. Plants with a low num- 
ber of leaves (22 and 20) were selfed to carry on the 
minus strain, but both gave means higher than was shown 
by the F, generation. Perhaps further selection will 
produce results, but the case is not a hopeful one. The 
only evidence for such an assumption is the increased 
mean of the F, plus strain. If it is assumed that 24.0 is 
nearer the true mean of the F; population than the 22.9 
actually calculated, then the jump to 27.0 + .08 leaves in 
the F, generation gives us a basis for expecting results in 
F, in the minus strain. 

Nothing can be said as yet about the minus strain of 
Family No. 12 (Table IX), for it happened that the first 
selection was a complete failure. Six plants were ob- 
tained, but the lowest number of leaves was 29. One of 
these plants was selfed and gave an F’, population having 
a mean of 28.7 + .09 leaves. Unfortunately the selections 
from this fraternity did not germinate and in 1912 we had 
to fall back on the reserve seed from which the 1911 crop 
came. The crops of 1911 and 1912 are therefore dupli- 
cates. The plus strain made an advance from 24.5 + .10 
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leaves to either 26.8 + .07 or 29.0+.08 leaves. The first 
advance is 1.6, the second 0.7. We can give no explana- 


Fic, 6. PLANT oF HALLADAY HAVANA TOBACCO (6-2)-1-1, WHICH AVERAGES 30.2 
LEAVES PER PLANT. IT IS THE RESULT OF THREE YEARS OF SELECTION FOR HIGH 
LeaF NUMBER IN FAMILY 6, WHICH AVERAGED 25.8 LEAVES PER PLANT IN 1909. 
New HAvEN, 1912. 
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tion of the failure of the results of 1911 and 1912 to dupli- 
cate. This is the greatest deviation obtained in the course 
of our experiments. The results of 1912 are probably 
too high. It is yet too early to say whether or not this 


Fig. 7. PLANT OF HALLADAY HAVANA TOBACCO (6-1)-1-1, WHICH AVERAGES 27.9 
LEAVES PER PLANT. THREE YEARS OF SELECTION TO DECREASE THE LEAF NUMBER 
OF THIS TYPE HAVE PROVED UNSUCCESSFUL. NEW HAVEN, 1912. 
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strain is decreasing in the average annual shift of the 
mean. 

Family No. 41 shown in Table X gave perhaps the most 
peculiar results of any of the selections. It may be that 
no great shifting of the mean toward the minus end of the 
curve should have been expected, because the minus 
mothers were each rather high in number of leaves. There 
was one with 25 leaves and one with 24 leaves. This was 
unfortunate, but was made necessary by the number of 
late and diseased (mosaic) plants in the selection. Never- 
theless, each of these plants was below the mean of the 
previous generation and if a marked change would have 
followed the selection of extreme individuals, some change 
should have followed the selections of the individuals that 
were the actual mothers. But in spite of this fact the 
mean persistently rose from 23.9 + .07 leaves to 26.3 + .08 
leaves, then to 28.1 + .07 leaves, although the duplicate of 
this selection grown in 1912 went down slightly to 27.4 
+ .07 leaves. In the plus strain successive generations 
of mothers having 28 and 30 leaves caused a small upward 
shift of the mean; it became first 25.7 + .09 leaves then 
25.6 + .14 leaves, although the 1912 duplicate of the last 
population had a mean of 26.9 + .08 leaves. 

The extraordinary phenomenon to which we wish to 
eall particular attention, however, is not this behavior of 
the minus and plus strains in the regular selection ex- 
periment, but rather the origin of a few-leaved strain 
from a single individual that appeared in the F, genera- 
tion of the plus strain. Referring to the table, it will be 
seen that in this generation a 12-leaved plant appeared. 
This is really a peculiar phenomenon, for we had never 
before observed a normal 12-leaved plant among the many 
thousands that have come under our observation. They 
do not occur. In this population the plant with the next 
lowest numbers of leaves had 20 leaves, and in classes 20 
and 21 there was only a single plant of each. This 12- 
leaved plant was selfed and gave rise to a population 
ranging from 8 leaves to 30 leaves, and having a vari- 
ability of 23.50 per cent. + .11 per cent. The mean of the 
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distribution was 19.8 + .28 leaves. A 10-leaved plant of 
this lot was selfed and gave a progeny with a mean of 
17.9 + .08 leaves and a variability of 11.24 per cent. + .33 
per cent. What interpretation can be given these facts? 

We believe a distinct mutation occurred, a mutation 
different from those of DeVries. At least DeVries be- 
lieves that the mutations that he has observed always 
breed true. If the following hypothesis as to the origin 
of the 12-leaved plant be true, it is unnecessary to sup- 
pose with DeVries that mutations always breed true or 
even that they often breed true. Of course DeVries be- 
lieves that his @nothera mutations obey laws different 
from those of whose mechanism we know a little. He be- 
lieves that species crosses always breed true; that they 
do not Mendelize. This belief we hold to be unfounded. 
Species crosses have never been shown to breed true. 
There have been statements to the effect that crosses be- 
tween Rubus species breed true, but no good evidence has 
been submitted in their support; while the data of Tam- 
mes (:11) on Linum species crosses, Davis (:21) on Eno- 
thera species crosses, and of East (:13) on Nicotiana 
species crosses, concur in showing that species as well as 
varieties obey Mendel’s Law of segregation and recom- 
bination. Furthermore, we think that Heribert-Nilsson’s 
(:12) beautiful experiments on DeVries’s own material 
show that the latter did not ccllect sufficiently exact data 
on his own crosses to find out whether they bred true or 
not. 

If one is to believe that a mutation in a hermaphroditic 
plant breeds true he must suppose that constitutional 
changes occur both in the male and the female gam- 
etes, or that the change occurs after fertilization. But it 
_ seems more probable that such a change will take place 
either in the one or the other gamete and not in both. This 
we believe to be the explanation of the appearance of the 
12-leaved tobacco plant. A mutation occurred in either 
an egg cell or a pollen cell. It does not matter in which 
one it is assumed because there is no evidence favoring 
either case to the exclusion of the other. This cell with 
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a changed gametic constitution—a loss of gametic fac- 
tors,—was fertilized by an unchanged cell. The un- 
changed cell may have had any of the gametic possibil- 
ities open to the germ cells of the 28-leaved plant of the 
I’, family in which the mutation arose, and we know that 
certain factors in this plant were heterozygous, for pro- 
gressive change followed the selection of a plus extreme 
in the next generation. The 12-leaved plant was there- 
fore a hybrid. It resulted from the union of a mutating 
germ cell of the mother plant that furnished the F, gen- 
eration with an unchanged germ cell. We can even as- 
sume that the mutating germ cell, if fertilized by another 
of the same kind, would have produced a plant with less 
than 12 leaves. The reasons for believing this are simple. 
There is experimental evidence (Hayes, 1912) that the 
F, generation of a cross between varieties differing in 
their number of leaves is intermediate in character. Our 
12-leaved plant is the lone representative of such an F, © 
generation. The F, generation therefore should give 
plants with less than 12 leaves, and in fact such plants 
did occur. The distribution marked F in the table is 
the F, generation, and this accounts for its extreme vari- 
ability. The distribution marked Fs is the F, generation, 
and its variability is less than half that of the preceding 
generation. 

Family No. 56 was the second family to be grown at all 
three of the experimental stations (Table XI). It arose 
from a 26-leaved plant of the F; generation which pro- 
duced an F, progeny with a mean of 24.2 + .06 leaves and 
a mode at 24 leaves. The three generations of the minus 
strain grown at Bloomfield remained practically the same. 
The last generation did indeed show a mean 1.0 leaf 
higher than the original population, but no dependence 
can be placed in data from only 25 plants. The data on 
the minus selections grown at New Haven are for this 
reason a little more dependable. They show a fluctuat- 
ing mean, but no progress due to ona F, genera- 
tion having a little higher mean than the F’, generations. 


The three minus selections grown at Forest Hills also 
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resulted in higher means, those for F,, F, and F, being 
25.3 + .09, 26.0+ .06 and 25.9+ .08 leaves, respectively. 

This peculiar result implies only that the mean of the 
original F, population which was grown at Bloomfield 
was lower than it would have been if grown on the Forest 
Hills’ soil. This is not a direct effect of environment on 
the growing plant. It has been shown conclusively in 
our pot experiments, as stated before, that starvation or 
optimum feeding has scarcely any effect on the number of 
leaves, although it has a marked effect on the develop- 
ment of many other characters. On the other hand, en- 
vironment does appear to have a marked effect on the 
number of leaves that a plant is to develop, if it acts 
during the development of the seed. It is well known by 
plant physiologists that the environment produces many 
of its effects very early in the life history of the indi- 
vidual or in the development of the organ concerned. For 
example, the so-called light leaves of the beech with two 
layers of palisade cells are differentiated from the shade 
leaves with only one row of palisade cells by the amount 
of light that falls on a branch during the season preceding 
the development of the leaves: that is, it is determined 
during the laying down of the bud from which the next 
season’s growth of twig and leaves comes. This period 
during which a particular change is possible is called the 
critical period for that change by plant physiologists. 
Thus a plant may have hundreds of critical periods in its 
ontogeny, each marking an end-point of development be- 
yond which a certain feature is irrevocably fixed. For 
example, the critical period for that cell division that de- 
termines leaf size in the beech is much later than that 
which determines the number of layers of palisade cells. 

Now the critical period for influencing the number of 
leaves of the tobacco plant is practically at an end when 
the embryo plant goes into the resting stage of the seed. 
Before that time the number of leaves may be influenced 
by the external and the internal influences that form the 
total environment of the mother plant; after that time 
environment has little influence on the number of leaves. 
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The rise in the mean of the population of the F, genera- 
tion of Family No. 56 is due partially to the effect of en- 
vironment, therefore, in that the mother plant was grown 
under better conditions, but is probably not to any great 
extent due to the conditions under which the plants them- 
selves were produced. 

The better environment of the mother plants does not 
account for all the rise in the means in populations F, 
and F,, but it accounts for part of it. It will be noticed 
that all of the populations grown at Forest Hills had 
higher means than those grown at Bloomfield and New 
Haven, although the F, mother plants were grown at 
Bloomfield and not at Forest Hills. The greatest shift 
of the mean, however, comes in the F, and F, generations, 
for the mother plants of both of these populations were 
grown on the more fertile soil. There is a simple ex- 
planation of these facts, an explanation that is of great 
economic importance to practical tobacco growers. A 
part of the rise in mean at Forest Hills was due to set- 
ting the plants in the field there when they were in an 
earlier stage of development than those at Bloomfield and 
New Haven. They were not set earlier in the season (at 
least, one year they were set early, one year they were set 
at the average time and the third year they were set late), 
but they were set as small plants. When small plants 
(about 4 inches high) are set in the open the root system 
is equal to the task of supporting the aerial parts and the 
plants start right in to growing normally. There is no 
period of passivity. The plants produce leaves spaced 
with normal internodes and these leaves develop suffi- 
ciently to have a commercial value. But when the plants 
reach a height of 8 or 10 inches in the seed pans or seed 
beds and are then set in the field, the normal metabolism 
is likely to be upset for a time. The plant takes some 
time to recover its equilibrium and start a normal growth. 
During this period basal leaves begin to develop, but the 
internodes are so close together that they do not obtain 
their aliquot share of nutriment, hence they grow only to 
one quarter or one third their normal size and soon wither 
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and drop off. The leaf scars are left, but they are so 
close together that it is difficult to make a correct count of 


the number of leaves. 


Fig. 8. PLANT OF HALLADAY Ha- 
vANA ToBAcco (56-2)-1-1, WHIcH Av- 
ERAGES 27.5 LEAVES PER PLANT. IT 
IS THE RESULT OF THREE YEARS OF SE- 
LECTION FOR HigH LEAF NUMBBER IN 
FAMILY 56, WHICH IN 1909 AVERAGED 
24.2 LEAVES PER PLANT. HAVEN, 
1912, 


But more important than this, 


PLANT OF HALLADAY Ha- 


Fic. 9. 
VANA Topacco (56-1)-1-1, WHICH 
ERAGES 24.4 LEAVES PER PLANT. THREE 
YEARS OF SELECTION FOR Low Lear 
NUMBER HAVE PROVED UNSUCCESSFUL, 
New HAvEN, 1912. 
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the tobacco grower loses an average of from one to two 
of his most valuable leaves. 

The plus strain of Family No. 56, which we were dis- 
cussing when we digressed to speak of the critical periods 
of development, did show a considerable shifting of the 
mean following the selection of high-leaved mother plants. 
In the Bloomfield selections the mean went from 24.2 
+ .06 to 26.7 + .08 leaves, then to 26.8 + .07 leaves; in the 
New Haven experiment the mean shifted to 27.4+.08 
leaves,—a gain of 3.2 leaves,—and then dropped to 26.4 
+ .11 leaves, recovering again in the F, generation to 
27.5 + .11 leaves; in the Forest Hills experiment the suc- 
cessive means were 27.2+ .08, 28.9+ .08 and 26.7 + .06 
leaves. Summing up the data from this experiment, it 
may be assumed to be reasonably certain that no progress 
resulted from the selection of minus extremes, but that 
there was a slight effect gradually diminishing in quan- 
tity when plus extremes were selected. 

Representative plants of Family 56 obtained by three 
years of selection in the effort to produce strains of high 
and low leaf number, respectively, are shown in Figs. 
8 and 9. 

Family No. K (Table XII) was grown on a farm near 
the Bloomfield experiments, in 1910. The records of the 
F,, generation consisted of the number of leaves of only 
31 plants. From among these individuals two plants 
were selfed to become the mothers of the F, generation. 
Since no dependence can be placed on the F distribution 
by reason of the few plants and since it is not absolutely 
certain that the mother plants of F, had 20 leaves each, 
the selection really began in1911 with the F, generation. 
There is a difference between the minus strain and the 
plus strain in 1911 and 1912,—0.5 leaves the first year and 
1.3 leaves the second year,—however, so that one may 
assume the possibility of a slow shifting of the mean in 
both directions. 

The data on Family No. 73 are shown in Table XIII. 
This family came from a 28-leaved plant, one of the 
highest of the F,; generation. The F, progeny of this 
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individual showed a mean of 26.9 + .06 leaves, and from 
among them plants having 25 and 29 leaves, respectively, 
were selected to start the minus and the plus lines. These 
two mother plants gave F’, populations alike as to mean, 
but differing by one class as to mode. The minus line 
had the higher mode. The extremes of this generation 
used in carrying on the experiment differed by 8 leaves, 
and the resulting progenies apparently followed the selec- 
tion. The means are 25.6+.07 and 28.2+.09 leaves. 
Whether these shifted means represent a permanent 
change or not we are not prepared to say. The minus 
mean is probably somewhere near the correct figure for 
in the F, generation it was practically the same, but in 
the F, generation of the plus strain the mean dropped 
from 28.2+.09 leaves to 26.7+.13 leaves. This is a 
slightly lower point than that of the original F'; distribu- 
tion, but it was calculated from only 76 individuals. A 
conservative estimate of the significance of the results 
would probably be as follows: the mean of the minus 
strain has shifted slightly but permanently and is now 
fixed, while the mean of the plus strain has not changed 
but has shown evidence of some heterozygosis in one gen- 
eration. 

We come finally to consider Families No. 27 and No. 82, 
the data on which are listed in Tables XIV and XV. Two 
generations of both plus and minus selection were re- 
corded for Family No. 27, but only plus selections of 
Family No. 82 were grown. There is no necessity for 
considering either in detail because a simple inspection of 
the tables shows that selection has accomplished nothing. 


CoNncLUSIONS 


The cumbersome and no doubt dry details of the ex- 
periments to the close of the year 1912 having been de- 
scribed, let us give a brief résumé of the conclusions that 
we believe may reasonably be drawn from the data that 
have been offered. There can be no doubt that the orig- 
inal ‘‘Halladay’’ type of tobacco, isolated and propa- 
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gated by Mr. Shamel and Mr. Halladay from the cross 
between ‘‘Havana’’ and ‘‘Sumatra’’ tobaccos, arose 
through the segregation and recombination of the Men- 
delian factorial differences of the two plants, and not as 
amutation. It is simply a union of the factors that stand 
for leaf size and height of plant in the ‘‘ Havana’’ variety 
with the factors that bring about leaf shape and high 
number of leaves in the ‘‘Sumatra’’ variety. It hap- 
pened that the somatic characters of these varieties ac- 
count for all the characters of the hybrid. At the same 
time one must remember that strains were obtained by 
selection that averaged higher in number of leaves than did 
even the ‘‘Sumatra’’ parent. We can only conclude from 
this fact that the difference between the ‘‘Havana’’ and 
the ‘‘Sumatra’’ varieties in leaf number is greater fac- 
torially than somatically. Besides certain factors com- 
mon to the two varieties, the factors for leaf number in 
‘‘Havana”’ tobacco might be represented by the letters 
AA, and those of ‘‘Sumatra’’ tobacco by the letters BB, 
CC, DD, EE. By recombination, this would give plants 
with a smaller number of leaves than the ‘‘Havana’’ 
variety and plants with a greater number of leaves than 
the ‘‘Sumatra’’ variety. Both combinations were ob- 
tained; and further, the theory has been shown to be cor- 
rect by the results of other crosses where both types ap- 
peared (Hayés, 12). It is probably unwise to suggest too 
concrete a factorial analysis of the cross, yet the factorial 
difference assumed above will account for all of the facts 
obtained, by simple recombination. We assume a factor 
in the heterozygous condition to account for the produc- 
tion of one leaf and a factor in the homozygous condition 
to account for the production of two leaves. The mean 
of the ‘‘ Havana’’ variety is about 20 leaves and the mean 
of the ‘‘Sumatra’’ variety about 26 leaves. Somatically 
there is a difference of 6 leaves or three factorial pairs 
for which to account. But in order to have the theory 
coincide with the facts there must be at least one (pos- 
sibly two or three) factorial difference that does not show 
in the two varieties. The meaning of this statement can 
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be shown best by an illustration. The 20 leaves of the 
‘‘Havana’’ variety and the first 20 leaves of the ‘‘Suma- 
tra’’ variety are represented by 10 pairs of factors, of 
which nine are the same and one different in the two 
strains. The ‘‘Havana”’ variety is nine leaf factors plus 
AA, the first 20 leaves of the ‘‘Sumatra’’ variety are nine 
leaf factors (the same as those in the ‘‘Havana’’) plus 
BB. The additional leaf factors of the ‘‘Sumatra’’ are 
CC, DD. EE. With these assumptions, the recombina- 
tions of a tetra-hybrid will represent our facts fairly 
accurately. But, as was stated above, it does not seem 
wise to take this interpretation of the facts too literally. 
That some such factorial combination will represent our 
facts superficially there can be no doubt, but in reality if 
one could grow hundreds of thousands of individuals and 
follow the behavior of each he would likely find himself 
constrained to represent his breeding facts by a much 
more complex system. There would probably be gametic 
couplings and factorial differences whose main effect 
would be on some entirely different character or complex 
of characters, but which would have some slight jurisdic- 
tion over leaf determination. To become diagrammatical, 
the unit characters of a house are its cornices, its win- 
dows, its floors and what not, but a collection of these 
components is not a house. We may even exchange 
dormer windows with our neighbor, but we can exchange 
them only if they fit. Again, we may put on a coat of 
paint, a color unit, but this color unit affects the appear- 
ance of many other parts that are just as truly units. 

The essential part of our conception of the origin of 
this hybrid type is that recombinations of characters 
quantitative in their nature can be expected and predicted 
in crosses in exactly the same manner as is done with 
qualitative characters. On the other hand, it must be 
borne in mind that here was a hybrid type that appeared 
to be breeding true to the general characters that we have 
described, in the F, generation. That it was not breed- 
ing true is clear from the results of the selection experi- 
ments, yet out of the small number of F; and F, families 
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taken under observation at least two were found to be 
breeding true for all practical purposes in the F, and F, 
generations. We were able to reproduce the ‘‘Havana’’ 
type by continued selection in Family 77 and were able 
to produce strains breeding approximately true to 30 
leaves or so by the selection of mother plants in several 
families. But can we say that any of our families are 
now fixed so that no progress can be made by selection? 
We can not. But we can say that some of them are so 
constant that it would be a loss of time for selection to be 
continued for economic results. It is important to know 
whether plant or animal populations can reach such a 
state of constancy by inbreeding that no profitable results 
ean afterwards be obtained by the practical breeder. We 
believe it demonstrated by even these few data that such 
a state, a homozygous condition, occurs in a definite pro- 
portion of F, offspring, and can be propagated commer- 
cially at once if a sufficient number of families are grown 
to be relatively certain of including the desired com- 
bination. 

As to the problem of theoretical importance, the ques- 
tion of the true constancy of homozygotes generation 
after generation, we believe it to be fair to conclude that 
a state so constant is reached, that even for the theoret- 
ical purposes of experimental genetics it may be assumed 
as actually constant. Further experiment and larger 
numbers may show that selection can always cause a shift 
in the mean, but will necessarily be a shift so slight that 
it can be detected only by a long-continued experiment 
and enormous numbers. Assuming for the purpose of 
argument that this is the case, the matter would affect 
only the question of the trend of evolution. It may come | 
to be believed, from evidence now unknown, that evolu- 
tion may progress slowly in this manner, but if it does, 
its course can hardly be demonstrated experimentally be- 
yond a reasonable doubt. The problems of experimental 
genetics can be attacked, however, from the standpoint 
that experimental evidence of the shifting of the mean of 
a homozygous population by selection is negligible. 
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Mutations may occur. We have shown the origin of 
one family by a very wide mutation. In this particular 
case it was not difficult to show that a constitutional 
change took place in a single germ cell of the mother 
plant. It was only by a lucky chance that this fact could 
be demonstrated, for with smaller changes such proof 
would be impossible; but there is no reason to believe that 
this phenomenon is unique or even rare. It is much more 
reasonable to assume that mutations usually arise in 
single gametes than that the same change occurs simul- 
taneously in many germ cells. One should expect the 
somatic result of a mutation in an hermaphroditic plant 
—the sporting plant itself—not to breed true, therefore, 
but to behave as an F’, hybrid between a mutating and an 
unchanged germ cell. It is true that the mutations ob- 
served by DeVries in Hnothera Lamarckiana are sup- 
posed to have bred true, but this is sometimes question- 
able even from DeVries’s own data. The Lamarckiana 
‘‘mutants’’ that did breed true are much more reason- 
ably explained as segregates from complex hybrids. 
They can be interpreted by Mendelism with no essential 
outstanding facts, but if they are to be interpreted as 
mutations, several discrepancies between what actually 
occurred and what should be expected on DeVries’s own 
theory must be explained. It must be shown why the - 
changes took place in numerous germ cells,—in both the 
male and the female gametes,—and why these germ cells 
always fused at fertilization; for the changed germ cells 
must have fused with each other because many Lamarck- 
iana plants were produced by the same mother plants that 
produced the mutations, while the mutations are sup- 
posed to have bred true. On the only other possible theory 
of mutation, that the change occurred in the developing 
zygote after fertilization, one would have to explain why 
the mutants did not often appear as bud variations, in- 
stead of these being much rarer than the supposed muta- 
tions, as is actually the case. 

We do not deny the theory of mutation as modified to 
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assume only that constitutional changes usually occur in 
the germ cells, but on this belief the sporting plants must 
often be F, hybrids, and the plant breeder must resort to 
selection to isolate his pure mutation. And by the same 
reasoning one gametic change may produce many new 
creations, for there is a chance to recombine it with all the 
known gametic differences in the species. 

No one can say how often mutations arise. It is likely 
that changes other than the one observed took place in 
our tobacco experiments, but it is not likely that they 
are sufficiently numerous to base a system of selection 
within a pure race on the possibility of their occurrence. 
The fact that no changes ensued that could be detected in 
several of our selected lines is an argument against it. 
The comparatively large jumps are the ones likely to 
have the greatest economic importance, and these are 
easily detected without refined methods of procedure. 
Small jumps can be economically important only if they 
are numerous, and, as there are absolutely no data to 
show either that they are numerous or that changes can 
be produced rapidly within homozygous pure lines through 
any other cause, it seems unwise to recommend that the 
practical breeder expend time and money to bring about 
results that either can not be expected at all or that are 
so slow and so trifling that they can not be detected in 
carefully planned and accurately executed genetic inves- 
tigations. On the other hand, the results of the last de- 
cade show that important economic results can be ob- 
tained easily and surely by selection from artificial hy- 
brids or from the natural hybrids that occur in cross- 
fertilized species by the recombination of Mendelian 
factors. We believe, therefore, that the isolation of ho- 
mozygous strains from mixtures that are either mechan- 
ical or physiological, that are either made artificially or 
are found in nature, offers the only method of procedure 
that the practical plant breeder will find financially 
profitable. 

Finally, we should like to call attention again to the 
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practical importance of determining the duration of the 
period in the course of which particular plant characters 
are responsive to the action of environmental influences. 
The character complex that has been the basis of this 
study is a striking illustration of how results from such 
investigations may be applicable to farm practise. - One 
may plant a portion of the seed from a self-pollinated 
tobacco plant on poor soil or on good soil and the average 
number of leaves per plant and the general variation of 
the plants in number of leaves will remain nearly the 
same in both cases.2 But seed selected from mother 
plants grown on the good soil will produce plants aver- 
aging slightly higher in leaf number than the plants com- 
ing from seed on mother plants whose environment is 
poor. Consequently, it is better to select seed from well- 
developed mother plants—mother plants whose environ- 
ment has been good—than from mediocre mother plants. 
There is no question here of the inheritance of an acquired 
character or of continuing to raise the number of leaves 
by cultural treatment. One simply takes advantage of 
the fact that during seed formation there is a period of 
mobility at which time the potential number of leaves of 
the young plant are practically fixed. Pending the end 
of this critical period, the number of leaves can be in- 
fluenced by external conditions within the limit of fluctu- 
ating variability. 

In the same connection, the effect of time of planting 
on the tobacco plant should again be mentioned, as this 
also emanates from environmental change. The actual 
number of leaves is, of course, practically fixed at the 
time of setting the plants in the field, but this is not true 
of the number of leaves that will have a commercial 
value. For example, a seedling with 26 potential leaves 
is planted. If it is planted when about four inches high, 
the general physiological disturbance due to transplanta- 
tion is negligible and the plant continues its normal cycle 
of development without a pause, bringing to maturity 


2Garner’s (:12) results on Maryland Mammoth are an exception to this 
statement because this variety is indeterminate in growth. 
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about 22 leaves. If planting is delayed until the seedling 
is eight or ten inches high, there is a different state of 
affairs. Development is arrested, the plant pauses to ad- 
just itself to the change. It soon recovers and continues 
its normal ontogeny, but the period of reduced growth 
has left an ineffaceable record. Several of the leaves— 
among them the more valuable leaves—have been so 
affected during this readjustment, that they develop to 
only a fraction the size that they should attain because 
the internodes between them are so short, due to the con- 
stricted development that normal metabolism does not 
oceur. Thus there is a loss of one or two leaves, which 
on several acres of tobacco may make the difference be- 
tween profit and loss. Hence, the grower should not de- 
lay setting his plants in the field until they have become 
overgrown in the seed bed. 
March, 1912 
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GYNANDROMORPHOUS ANTS DESCRIBED DUR- 
ING THE DECADE 1903-1913 


Proressor WILLIAM MORTON WHEELER 


Bussey Institution, Harvard UNIVERSITY 


In 1903 I described six gynandromorphous ants and 
reviewed the previously recorded cases, seventeen in 
number. Although many thousand ants have since passed 
through my hands, I have failed to find any additional 
cases. Other observers, however, have been more for- 
tunate and have described seven within the past decade. 
As these are all very interesting, it seems advisable to 
give a brief account of them as a sequel to my former 


paper. 


1. Lateran GYNANDROMORPH OF CARDIOCONDYLA BATESI 
ForEL. VAR. NIGRA ForEL.—Santscui (1903, p. 324, 
Fig. 5, 7) 


This specimen is female on the right and partly male 
on the left side. The male portions are sharply marked 
off from the black female portions by their testaceous red 
color. The line of demarcation, very clear in front, starts 
at the anterior clypeal border ard divides the head into two 
nearly equal parts, but leaves the median ocellus on the 
male side. It then divides the pronotum down the middle 
and the three anterior quarters of the mesonotum. Thence 
the line fades out on the right side so that the whole pos- 
terior border of the mesonotum is male. Three quarters 
of the prescutellum and the anterior half of the scutel- 
lum are male. The epinotum and the abdomen are female 
throughout, but the female genitalia are slightly asym- 
metrical on the left side. The fore and middle legs on 
this side and a portion of the mesosternum are male. 
There are wings on both sides, but the anterior one on the 
female side was lost after capture. Those on the left 
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side are well-developed, with distinct venation and pale 
pterostigma, and are inserted in a distinctly male area. 
The specimen was not dissected. 

Santschi found this ant in a nest with females at Kai- 
rouan, Tunis, but without males, either of the winged or 
of the ergatomorphic type, which is peculiar to this and 
some of the other species of Cardiocondyla. His atten- 
tion was attracted by the bizarre movements of the speci- 
men, as it turned around rather quickly in circles about 
10 em. in diameter, with the male portion inside. In 
other words, owing either to the asymmetry of its brain 
and visual organs or to differences in the length of the 
legs on the two sides of the body, it made circus move- 
ments like a normal insect which has had one of its eyes 
or optic ganglia injured. 


2. Lateran GYNANDROMORPH OF ANERGATES ATRATULUS 
Scuenck.—AD.LERz (1908, p. 3, Fig. 1, a, b, c, d and f) 


An imperfect lateral gynandromorph, with the head 
largely male on the left, female on the right side, the light 
color of the male being sharply marked off from the dark 
color of the female only anteriorly. Thorax in front 
female, with wings equally developed on both sides (the 
male Anergates is wingless and pupoid!), but with pale 
(male) coloration on the left and dark (female) colora- 
tion on the right side, the line of division between the 
two neither sharp nor straight and the whole postscutel- 
lum blackish brown. Abdomen with irregular arrange- 
ment of color. Petiole black on the right, grayish yellow 
on the left; postpetiole mostly blackish brown, but with 
a large grayish yellow spot on the left side of its anterior 
surface. Third dorsal tergite blackish brown on the right, 
grayish yellow on the left side. Remainder of gaster 
grayish yellow, tinged here and there with pale brown. 
Third tergite with a median longitudinal groove which 
runs back on to the succeeding segment as in the virgin 
female. The left side of the abdomen has seven com- 
plete segments and well-developed genitalia; the right 
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side has only six complete segments and a membranous, 
incomplete seventh. The genitalia on the right side are 
imperfect, the volsella being represented only by a piece 
corresponding to its dorsal portion and the stipes is com- 
pletely lacking. The legs are of the female type, except 
the left fore leg, which is male, although the tibial spur 
(strigil) is pectinate as in the female. This spur is known 
to be nonpectinate in male Swedish, but pectinate in male 
Swiss Anergates specimens. 

On dissecting this specimen, which he took from a large 
Anergates-Tetramorium colony near Arkésund in Oster- 
gotland, Sweden, Adlerz found on the left side a well- 
developed vesicula seminalis, receiving a vas deferens 
half as long. No traces of female reproductive organs 
nor of the poison gland and vesicle could be detected. 

Of particular interest was the behavior of this gynan- 
dromorph, because, as Adlerz says, it evidently felt itself 
to be a male but was treated by the normal males in the 
colony as a female. Its movements were somewhat live- 
lier than those of normal males, and it at first made feeble 
attempts to copulate with the females and was treated 
with indifference by the males. A few days later it be- 
came more energetic and persistently attempted to copu- 
late, especially with one particular female, although 
always unsuccessfully while it was under observation. 
It was evidently inflamed with the insatiable sexual appe- 
tite so characteristic of the normal Anergates males, 
which, being wingless, always mate with their sisters be- 
fore they fly out of the parental nest. On the following 
day, however, a normal male made the most persistent 
efforts for several hours to mate with this same gynan- 
dromorphous individual. Adlerz concludes that 


this indicates that the males regarded it as a female. Of course, we 
may suppose that its wings made it seem like a female and attracted the 
male, but from the fact that males attempt to mate even with female 
pupae and therefore with a stage which has not yet developed wings, it 
is more probable that the male was attracted to the gynandromorph by 
some female odor. At any rate the double nature of the gynandromorph 
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is even more strongly indicated by the facts just recorded than by its 
morphological peculiarities. 


3. LatTeRaAL GYNANDROMORPH OF ANERGATES ATRATULUS 
ScuencKk.—ADLeERz (1908, p. 5, Fig. 2, a, b, c, d and e) 


An imperfect lateral gynandromorph, male on the left, 
female on the right side, resembling the preceding speci- 
men, but with the dark female color more pronounced on 
the male side of the head. There were well-developed 
wings on both sides of the thorax, which was of the female 
form though dark on the right and pale on the left side, 
except the epinotum, which was grayish yellow through- 
out. Abdomen in color and form almost typically male, 
with the genitalia well-developed on both sides, but with 
a feeble mid-dorsal impression recalling the condition in 
the virgin female. Legs of the female type, except the 


left fore one, which is somewhat shorter and thicker as in 


the male and with the tibial spur (strigil) cleft but not 
pectinated. 

Dissection showed the reproductive organs to be in the 
same condition as in the preceding specimen; i. e., they 
were present only on the left side and consisted of a 
rather large vesicula seminalis with its vas deferens. No 
traces of female reproductive organs, nor of a sting or 
poison apparatus were to be found. 

This specimen was taken from the same nest as the 
preceding. 


4, GyNANDROMORPH (ERGATANDROMORPH) OF 
FoRMICA SANGUINEA LATREILLE.—DonIsTHORPE (1909, 
p. 464, Fig. 1) 


A nearly complete lateral ergatandromorph, with the 
right antenna, mandible and eye, and right and median 
ocellus male and the left antenna, mandible, eye and ocel- 
lus of the worker type. Head black, except the left 
mandible, left half of clypeus, left cheek and a small patch 
in front of the eye, which are red. Thorax and petiole 
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male on the right, worker on the left, the line of division 
running to the left of the median line so that the black of 
the right side of the mesonotum encroaches on the red 
color of the left side. Petiole and gaster sharply divided 
into black right and red left halves, the right half of the 
latter also with male pilosity and sculpture. External 
male genitalia and anal sternite on the right side. The 
red and black coloration is sharply divided on the venter, 
but the coxe are all black and red as on the male, and the 
legs on both sides are somewhat infuscated. Tarsi longer 
on the right (male) side. Wings well developed, on the 
right side only, with pale veins and stigma and more like 
those of the female. Length 7 mm. 

This specimen was taken by Mr. Donisthrope July 20 
or 21 from a large colony in Bewdley Forest, England. 


5. LatTeraL GYNANDROMORPH OF FORMICA SANGUINEA 
LATREILLE.—DonistHorPE (1909, p. 464, Fig. 2) 


A nearly complete lateral gynandromorph, male on the 
left, female on the right side. The head is of the female 
type, rather small, with both of the antenne and the ocelli 
female and the left eye a little larger than the right. 
Head black, clypeus and right mandible red ; thorax evenly 
divided into a black left and red right half, but only the 
upper right corner of the epinotum red. A piece of the 
scutellum and postscutellum red on the left side where 
the wing is inserted. Petiole sharply divided into a red 
right and left black half. Gaster black, the pilosity and 
sculpture on the right half female, on the left half male, 
the color being sharply defined on the venter. Legs and 
coxe female on the right, male on the left side. External 
genitalia of the male type present on the left side. Both 
pairs of wings fully developed, but the stigma and veins 
darker as inthe male. Length 9 mm. 

This specimen was taken from the same colony as the 
preceding. 
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6. FRontaL GYNANDROMORPH OF SOLENOPSIS FUGAX 
LaTREILLE.—SantscH1 (1910, p. 649) 


The head and thorax in this specimen are female, the 
pedicel and gaster male. The head is somewhat smaller 
than in normal females. The copulatory organs are those 
of the normal male. Santschi remarks that it ‘‘ would be 
interesting to observe the sexual behavior of such an indi- 
vidual possessing a female brain and male genitalia.’’ 


7. LareraL GyYNANDROMORPH (ERGATANDROMORPH) OF 
MyRMICA SCABRINODIS NYLANDER.—DONISTHORPE 


(1913, p. 44, Pl. 1) 


A nearly complete lateral ergatandromorph; worker on 
the right, male on the left side, the former being blackish, 
the latter reddish yellow. Right half of head larger than 
the left, but with a smaller eye, striatorugose; right an- 
tenna yellow, with a three-jointed club, its seape with the 
usual strong lateral tooth at the basal flexure. Right 
half of thorax yellow, its epinotal half with a strong spine ; 
right half of petiole and postpetiole yellow, rugose and 
punctured; right half of gaster pale fuscous yellow. Legs 
on the right side of the worker type, yellow. Left side of 
head blackish, punctate, not striatorugose, with a larger 
eye and the median and left ocellus; its antenna fuscous, 
with four-jointed club. Left half of thorax blackish, its 
epinotal portion unarmed; left half of petiole and post- 
petiole smooth, fuscous black. The greater part of the 
left half of the gaster had been eaten away but the re- 
mainder was darker fuscous than the right. Legs on left 
side of the male type, fuscous; wings on the left side only. 

Donisthorpe remarks that this specimen, which was 
picked up dead by Mr. Dollman at Ditchling, England, ap- 
proaches the var. sabuleti Meinert in having the left 
antennal scape longer than in the typical male scabrinodis 
and the tooth on the right antenna large. 

In conclusion I would call attention to a peculiar ant 
described by Mayr (1868, p. 60) from the Baltic amber 
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and designated as a ‘‘Zwitter’’ (gynandromorph) of 
Hypoclinea constricta Mayr, or Iridomyrmex constrictus 
as we must now call the species. Through the kindness 
of Prof. A. Tornquist, of the University of Konigsberg, 
I have been able to examine this specimen in connection 
with many other amber Formicide. The general struc- 
ture of the head, thorax and gaster is that of a worker, 
though the thorax is not typical, as the base of the epino- 
tum is less convex and less abruptly elevated, so that the 
angle between it and the declivity is less pronounced in 
profile. Mayr does not mention that the eyes are decid- 
edly larger and more convex than in the normal worker 
and therefore more like those of the male. There are a 
few small white spots or bubbles on the vertex, which re- 
semble small ocelli, but these organs seem to be actually 
absent. The antenne are 13-jointed and very long, as in 
the male; the scapes, however, are like those of the worker, 
but extend well beyond the posterior borders of the head, 
whereas joints 2-11 of the funiculi are cylindrical, sub- 
equal and fully three times as long as broad, the terminal 
joint being somewhat longer than these, the first shorter. 
In the gaster, which is shaped as in the normal worker, 
there are five distinctly visible segments, but the tip shows 
clearly the small, hairy, external genital valves (stipes) 
of the male. The legs are also more slender than in the 
normal worker and therefore more like those of the male. 

At first sight this-singular insect seems to be a gynandro- 
morph, as Mayr supposed, or more specifically, an erga- 
tandromorph of the blended type, with worker characters 
preponderating in the trunk and those of the male pre- 
ponderating in the eyes, appendages and genitalia. It is 
possible, however, to regard this specimen as an ergato- 
morphic male, like those which occur normally in certain 
species of Ponera, Cardiocondyla, Formicoxenus, Sym- 
myrmica and Technomyrmex. Unfortunately we are not 
in a position to decide between these alternatives, because 
we are dealing with a single fossil specimen and are not 
even sure that it belongs to the species to which Mayr 
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assigned it. Still the case is interesting if only because 
it suggests the further question as to whether the ergato- 
morphic males in the genera above cited may be regarded 
as originally frontal ergatandromorphs, with worker 
head and thorax and male gaster, that have become the 
only males of the species. If this is true, the ergato- 
morphic males may have arisen by mutation from patho- 
logical or teratological forms and have been preserved in 
certain species in which peculiarities of habit rendered the 
fecundation of the virgin females in the nest by wingless 
males more advantageous than the type of mating ex- 
hibited by the nuptial flight. A moment’s reflection shows 
that the nuptial flight is a highly advantageous institu- 
tion in common ants that form large colonies, but must be 
as decidedly disadvantageous in the case of very small, 
rare ants whose colonies are very sporadic and comprise 
only a few individuals. This is actually the condition 
seen in all the species with ergatomorphic males in the 
genera Ponera, Cardiocondyla, Formicoxenus, Symmyr- 
mica and Technomyrmex, and may be supposed, there- 
fore, to account for the substitution of the wingless, erga- 
tomorphiec for the normal winged males in these species. 
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SHORTER ARTICLES AND DISCUSSION 


ON THE RESULTS OF INBREEDING A MENDELIAN 
POPULATION: A CORRECTION AND EXTENSION 
OF PREVIOUS CONCLUSIONS! 


IN a recent paper by the present writer on inbreeding,” the con- 
clusion was reached (loc. cit., p. 608) 


that no increase in the proportion of homozygotes in the population 
follows inbreeding save under one or the other of two special condi- 
tions, viz.: 

(a) Continued self-fertilization. 

(b) Some form of gametie assortative mating which increases the 
natural probability of like gametes uniting to form zygotes. 


This conclusion is entirely correct as it stands, but also barren, 
for it overlooks the very essential fact that any sort of inbreed- 
ing involves in greater or less degree ‘‘gametic assortative mat- 
ing.’’? The mathematical demonstration on page 608 of the paper 
referred to is also entirely correct so far as it goes, but it stops 
too soon. Up to the third generation of brother X sister mating 
starting from a population of complete heterozygotes there is no 
increase in the proportion of homozygotes beyond that prevailing 
in a general Mendelian population. In the fourth and later gen- 
erations there is, however. The blunder, kindly pointed out to 
me by Professor E. M. East, which in retrospect seems altogether 
too stupid even to be possible, was in the failure to recognize that 
after the second generation the constitution of the family would 
no longer be the same as that of the population. This is the point 
which makes illegitimate the extension by induction of the results 
up to the third generation to the generations beyond. 

The general conclusion of the former paper quoted above, 
should then be as follows: An increase in the proportion of homo- 
zygotes in the population will follow inbreeding of any sort, 
though at different rates for different types of inbreeding, 
because any inbreeding involves homogamy (or assortative mat- 
ing) in some degree. 

Having made clear the location and nature of the error I desire 
now to show in some detail exactly what results follow from con- 

1 Papers from the Biological Laboratory of the Maine Agricultural Ex- 
periment Station, No. 54. 

2‘*A Contribution Towards an Analysis of the Problem of Inbreeding,’’ 
AMERICAN NATURALIST, Vol. XLVII, pp. 577-614, 1913. 
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tinued brother X sister mating in a Mendelian population. To 
this we may now proceed. 


THE DISTRIBUTION OF A MENDELIAN POPULATION IN SUCCESSIVE 
GENERATIONS WITH CONTINUED BROTHER X SISTER 
MatInG 


Let us start with a population composed entirely of complete 
heterozygotes. We shall consider a single character pair, A 
denoting the dominant character, and a the recessive. The com- 
plete heterozygote individual will then be Aa, and will produce 
in equal numbers A and a gametes. 

In making an analysis of the effect of inbreeding on the popu- 
lation it will be necessary to deal not merely with the distribu- 
tion of individuals in each generation, but also with the distribu- 
tion of families of the several types. Each mating will produce 
an array of families, as well as an array of individuals. The 
standard family throughout this discussion is taken as including 
32 individuals, of which 16 are males and 16 females. It is 
further assumed that there is no sex-linkage of characters, and 
that in any family there will be an equal number of brothers and 
sisters of each zygotic constitution represented. One family of 
16 pairs of brothers and sisters will make 16 matings and pro- 
duce 16 families of 32 individuals each. This constant rate of 
fertility is assumed throughout the discussion. 

Every mating made is of a brother with his sister. 

With so much by way of preliminary definition of the limita- 
tions of this investigation, let us proceed to the actual analysis. 


First Generation 


Constitution of the Population.—By hypothesis all individuals 
are Aa. 

Proportion of Homozygotes in this Generation.—0O per cent. 
of the whole population. 

Matings to Produce the Second Generation.—Start with one 
brother X sister pair of individuals from this population. The 
mating will be Aa X Aa. This will produce one family, 8AA 
+ 8Aa-+ 8aA + 8aa. 

Second Generation 


Constitution of the Population—8AA + 8Aa-+ 8Aa-+ 8aa. 
Proportion of Homozygotes in this Generation—50 per cent. 
of the whole population. 
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Matings to Produce the Third Generation—The matings of 
the one family of this generation will be as follows: 


29 29 
(1) AA (1) AA (9) aA (3) aA 
(2) AA (5) AA (10) aA (7) aA- 
(3) AA (9) AA (11) aA (11) aA 
(4) AA (18) AA (12) aA (15) aA 
(5) Aa (2) Aa (13) aa (4) aa 
(6) Aa (6) Aa (14) aa (8) aa 
(7) Aa (10) Aa (15) aa (12) aa 
(8) Aa (14) Aa (16) aa (16) aa 


Third Generation Families Produced—(Note: the numbers 
in parenthesis are to identify matings and their consequent 
families. ) 


AA | Aa aA aa 
(1) 32 con 
(5) 16 
(6) 8 8 8 8 
(7) 8 | 8 8 8 
(10) 8 8 8 8 
(11) 8 | 8 8 8 


Third Generation 


Constitution of the Population.— 


128AA +. 128Aa-+ 128aA + 128aa. 


Proportion of Homozygotes in this Generation.—50 per cent. 
of the whole population. 
Fourth Generation Families Produced.—The third generation 
families, when mated,. will produce families as follows: 
Summarized this gives the following fourth generation families 
produced : 
(1), 36 families like (1); 
(2), 24 families like- (2); 
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(3), 4 families like (4), 
(4), 24 families like (5); 
(5), 80 families like (6); 
(6), 24 families like (8); 
(7), 4 families like (13), 
(8), 24 families like (14), 
(9), 36 families like (16), 
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| AA Aa 4a aa 
Family (1)s will produce . .16 families of constitution) 32 |......)......)...005 
Families (2)3 will produce 4 families of constitution! $2) 
(3)3, (5)s will produce... . +4 families of constitution! 16 
and (9)s will produce. ...-+4 families of constitution) 16 |...... Cn 

each will produce....... +4 families of constitution 8 8 8 8 

Families (4)s will produce 16 families of constitution) 8 | 8 8 | 8 
Families (6)s will produce. 1lfamily of constitution) 32 | ....)....../...... 
(7)s, (10)s will produce... +2 families of constitution; 16 | 16 ....... 
and (11)s will produce...-+1 family of constitution|...... 
+2 families of constitution! 16 |...... 

+4 families of constitution 8 8 8 8 

+2 families of constitution|...... 16 

+2 families of constitution|...... Jesseee 16 | 16 

+1 family of constituticn|...... | 32 

Families (8)3 will produce 4 families of constitution gs | s 8 | 8 

(12)s, (14)s will produce. . +4 families of constitution|...... | 16 ...... | 16 

and (15)3 will produce. . . +4 families of constitution]......)...... 16 | 16 

each will produce....... +4 families of constitution|......)....../...... | 32 


Family (16)s will produce 16 families of constitution 


Fourth Generation 


Constitution of the Population — 


2560AA + 1536Aa + 1536aA + 2560aa, 


Proportion of Homozygotes in this Generation.—62.5 per cent. 


of the whole population. 


Fifth Generation Families Produced.—The third generation 
families, when mated, will produce families as follows: 


(1), will produce 36 X 16 = 576 families like (1); 
(2), will produce 24 X 4= 96 families like (1); 


+ 96 families like (2); 
+ 96 families like (5); 
+ 96 families like (6); 


(3), will produce 4X 16— 64 families like (6); 
(4), will produce 24 X 4= 96 families like (1); 
+ 96 families like (2); 
+ 96 families like (5); 
+ 96 families like (6), 
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(5), will produce 80 


+80xX 2=—160 
+ 80 
+ 160 
+80 xX 4= 320 
+ 160 
+ 80 
+ 160 
+ 80 


(6), will produce 24 X 4= 96 


+ 96 
+ 96 
+ 96 


(7), will produee 4xX16— 64 
(8), will produce 24 X 4= 96 


+ 96 
+ 96 
+96 
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families like (1), 
families like (2); 
families like (4); 
families like (5); 
families like (6); 
families like (8); 
families like (13), 
families like (14), 
families like (16), 
families like (6); 
families like (8), 
families like (14); 
families like (16); 
families like (6); 
families like (6); 
families like (8); 
families like (14), 
families like (16), 


(9), will produce 36 X 16 = 576 families like (16), 
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Summarized this gives the following fifth generation families 


produced: 


44,7364.A + 20,480Aa + 20,4800 + 44,736aa. 


(1)s5 848 families like (1), 
(2), 352 families like (2), 
(3); 80 families like (4); 
(4), 352 families like (5), 
(5), 832 families like (6), 
(6); 352 families like (8), 
(7)s 80 families like (13), 
(8); 352 families like (14), 
(9), 848 families like (16), 


4096 (= 16 X 256). 


Fifth Generation 


Constitution of the Population — 


Proportion of Homozygotes in This Generation—68.75 per 


cent. of the whole population. 
Sixth generation families produced: 


17,216 families like 
4,480 families like 

832 families like 
4,480 families like 
11,520 families like 
4,480 families like 


(1)s 
(2)s 
(4)s 
(5)s 
(6)s 
(8)s 


832 
4,480 


families like (13); 
families like (14); 
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17,216 families like (16), 


65,536 (= 16 X 4,096). 


Siazth Generation 


Constitution of the Population.— 
786,432AA + 262,144Aa + 262,1440A + 786,432a0. 


Proportion of Homozygotes in This Generation.—75 per cent. 
of the whole population. 

From this point on it will not be necessary to carry out the 
work in detail. The final results are given in Table I for four 
more generations. 

TABLE I 
SHOWING THE CONSTITUTION OF THE POPULATION AFTER 7 TO 10 
GENERATIONS OF BROTHER X SISTER MATING 


of Homozy- 
yo | AA Aa aA aa ‘otes - 
Whole Pop- 

| ulation 

_ 13,369,344 3,407,872 3,407,872 13,369,344 79.69 

8 | 224,395,264 44,040,192 44,040,192 224,395,264 83.59 

9 | 3,724,541,952 570,425,344 570,425,344 | 3,724,541,952 86.72 
61,337,501,696 | 7,381,975,040 | 7,381,975,040 | 61,337,501,696' 89.26 


It is evident that the proportion of homozygotes is approaching 
100 per cent. in the same manner as in the case of self-fertiliza- 
tion, worked out by East, Jennings and others, but at a slower 
rate. 

In a later paper I hope to take up the problem of the general 
formule for finding the constitution of a Mendelian population 
after n generations of inbreeding of the different types, and at 
the same time discuss the relation of these results to the coeffi- 
cients of inbreeding described in my former paper. It should be 
specifically mentioned that, in the light of the data here set forth, 
those criticisms of the conclusions of East and Hayes made in my 
former paper* which were based on the erroneous assumption of 
a fundamental difference between self-fertilization and all other 
forms of inbreeding in respect to homozygosis, have no validity 
whatever. It scarcely needs to be said that the blunder on the 
theoretical side here corrected in no wise affects the usefulness of 
inbreeding coefficients. RAYMOND PEARL 


3 Of. Pearl, loc. cit., p. 606, 609 and 610. 
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ISOLATION AND SELECTION ALLIED IN PRINCIPLE 


THERE are those who fully recognize the influence of natural 
selection in transforming the hereditary characters of a species, 
but are unable to see how isolation should have any effect of that 
kind. They say that you may divide a species into two branches 
between which all possibility of crossing is completely prevented, 
but if the environment surrounding each branch is the same, the 
natural selection to which each is subjected will be the same, and 
no divergence of character will take place. They forget that the 
separate branches, if prevented from crossing for many genera- 
tions, are sure to develop different types of variation, and in due 
time different methods of using the same environment, and are 
therefore liable to subject themselves to different forms of selec- 
tion. Again they forget that when the power of dispersal is 
highly developed in a species it may be exposed to diverse en- 
vironments and therefore to diversity of selecting influences, and 
still remain one harmonious species, because free crossing is 
maintained between all parts of the species. As long as there is 
no isolation of different branches, that is, while free crossing con- 
tinues, there is no permanent divergence resulting in diverse 
races or species, even though the one species is exposed to differ- 
ent forms of selection in different parts of its habitat. 

Diversity of evolution, producing many divergent forms of 
animals, could never have arisen without continuous isolation be- 
tween the different forms. 

Again there are those who maintain that selection unaided by 
isolation can not produce transformation. It is true that diver- 
gent groups can not be produced and intensified without isola- 
tion; but a given race may be transformed by selection without 
being divided into two groups by isolation. 

Heredity with variation is the active cause of transformation ; 
isolation and selection are the conditions that shape the forms of 
heredity and variation. 

It is a-law of heredity, that, if those of a given stock that are 
most alike in hereditary characters mate with each other, there 
will be a tendency in their offspring to a stronger emphasis of 
that character. 
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Another law of heredity is that as long as free crossing is main- 
tained between the different forms of a species these forms can 
not become widely divergent. The elephant and the mouse could 
never have been developed from one original stock while free 
crossing continued. 

Now there are many ways by which the free crossing of one 
variation with others of the same species may be prevented, but 
they all come under two groups. 

Under selection are classed all the influences enabling certain 
variations to reproduce more successfully than other variations, 
and so preventing free crossing between the successful and the 
unsucessful. Under isolation are classed all the influences that 
prevent living, and sexually reproducing creatures, from freely 
crossing. 

Under normal conditions there is no crossing between the ass 
and the horse, though there is reason to believe that the early 
ancestors of each were of one stock freely interbreeding and pro- 
ducing fertile offspring. If isolation had not existed for ages be- 
tween them, they could not have become the separate creatures 
that they now are. Heredity can combine only compatible char- 
acters. In some cases, incompatible characters arise between 
creatures of the same race preventing any crossing between them, 
as when a dextrally twisted mollusk produces a sinistrally twisted 
one; but, in most cases, such incompatibility arises only after 
isolation, through geographical separation, for many generations. 

In view of these facts, is it not plain, that, in the case of a 
variable and plastic organism, races more or less divergent will 
be produced, if for many generations the organism is divided 
into branches that are prevented from crossing? Is not such a 
result just as sure as the gradual transformation of the race 
under a slow change of climate, when the successful variations 
are prevented from crossing with the unsuccessful variations? 

JoHN T. GULICK 

HONOLULU, T. H. 


